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ABSTRACT: Wood is considered one of the major biomass. Among the various energy conversion route to convert the wood into 

useful energy, gasifiation plays a major role. The properties of wooden sticks influence the temperature distribution within the stick. 

Gasification is very sensitive to the non-uniformity in temperature. The effect of size and shape, initial porosity, pore distribution, 

moisture, and ash on wooden sticks' gasification has been discussed. The variations in properties have been attributed to a combined 

parameter, namely thermal diffusivity (), and heat transfer dominent in thermal decompsition of wooden sticks. Reviewing of 

existing investigations leads to the development of a procedure for estimating the weight of wooden sticks yet to be gasified at any 

time.  

Keywords: Initial porosity, Pore distribution, thermal diffusivity, and gasification.  

 

1. Introduction   

Applications of wood, ranging from biomass, provide 

useful energy to building material. Wood consists of 

components like water, hemicelluloses, cellulose, 

lignin, and ash. These components are grouped as 

moisture, volatile matter, fixed carbon, and ash. Except 

for ash, all other components undergo thermal 

degradation on heating. Heating uniformly at different 

temperature ranges releases these components one by 

one. This results in changes in chemical structure, 

influence the performance. The degradation depends on 

the temperature and surface area exposed.  Reduced 

strength and hygroscopic water and volatile oil weight 

loss result due to these changes.   

Since the temperature effects the degradation, 

the reaching of uniform temperature influences the 

degree of decomposition.  Drying of moisture, 

devolatilization of volatile matter, and gasification of 

fixed carbon occur at different temperature levels. If the 

biomass were powdery and porous, the temperature 

would be uniform throughout the particle, and each of 

the above processes will be occurring separately at each 

temperature level. The reaction takes place 

continuously at all points.  

On the other hand, if the biomass were lumps, 

then non-uniformity in temperature occurs within the 

lump. This results in the processes co-occurring. The 

physical properties of biomass has impact in 

influencing the degree of degradation and resulting in 

biomass's structural characteristics.  

Kirbakaran et al. [1,2] have reviewed the 

gasification of biomass and have concluded that 

components of carbon, hydrogen, oxygen and ash. On 

heating, these components decompose to yield various 

gaseous products and to desorb. Further, they suggested 

that auto gasification of converting the combustable 

matter with the inherent oxygen.  

However, during the gasification of wooden 

sticks, the formation of non-uniformity in temperature 

along the radius cannot be avoided. Several physical 

properties of wood and end products are responsible for 

this. The effects of these properties on gasification are 

reviewed here.  

1. Chemistry of Gasification  

Wood may be assumed to have cellulose, 

hemicellulose, and lignin.  It may be different for wood 

due to the presence of inorganic minerals as ash.  

Depending upon the exposed temperature and 

duration, changes in the chemical structure of wood 

occur, affecting its performance. Reduced strength, 

hygroscopic water, and volatile oil weight loss result 

due to these changes. The strength of the wood may be 

used as a yardstick to measure the degree of 

degradation of wood due to heating. The water conten, 

medium of heating source, retention time and inherent 

components affects the decomposition. Permanent 
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reductions in strength can occur at temperatures below 

100oC due to significant carbohydrate weight loss. 

Gerhards [3, 4, 5] and Koch [6] have reviewed 

the reduction in strength due to changes in chemical 

structure owing to heating wood below 100oC. 

Chemicals impregnated in wood to reduce its 

flammability are found to catalyze the degradation of 

wood at lower temperatures.  

Between 100 and 200oC, dehydration of wood 

gives volatile vapor incuding vapor and CO2, formic 

acid, acetic acid, and H2O. Char results due to 

prolonged exposures at higher temperatures. The 

diffusion of air through the porous char leads to an 

exothermic reaction.  

 Compared to Cellulose, the Hemicellulose is less 

stable and gives volatie gases and less oilic vapors. 

Hardwood hemicellulose is having high xylan and 

contains less glucomannan, whereas softwood 

hemicellulose has another way. Xylan is the least 

thermally stable. Hemicellulose degrades at 

temperatures from 200 to 260oC. 

From 200 to 300oC, hemicellulose is pyrolyzed 

completely, giving off gases, liquids, and high boiling 

point tar. Moving on the red bed area tar has been 

converted into gaseous susbatances. (Bryden [7]).  

Deacetylation of hemicellulose yields much of acetic 

acid, while dehydration of hemicellulose produces char. 

Char reacts and produces water vapor and carbon 

dioxicde due to raise in the temperature. This makes the 

reaction as endothermic. During this "low-temperature 

pathway" of pyrolysis, glowing combustion gets 

manifested due to exothermic oxygen.  

 Cellulose unreacted between 200 to 300oC. The 

conversion of cellulose to combustable gas mixute has 

been occured druing lowe temperaure only. At higher 

temperature cellulose has been converted into carboxyl 

and peroxide groups which are non combustable. This 

reaction has been occured in the temperature range of 

300 and 350oC. 

 By the high-temperature pathway, de-

polymerization takes place-yielding glucose. Pyrolysis 

of lignin takes place between 225 to 450oC. Around 

200oC, dehydration of lignin is responsible for 

pyrolysis, yielding more char. Around 300oC, the 

heavier compoent of  lignin has started spoliting. 

Around 370oC to 400oC, the carbon linkage has been 

claved. The decomposition of lignin is an exothermic in 

nature and the temeperature range lies from 225oC and 

450oC. The decomposition environemnt plays a major 

role in deciding the temeprature and its peak.   

 In wood combustion devolatilization starts 

around 450oC. The composition of elements present in 

the wood decides the trends in pyrolysis.  

2. Modelling of Thermal Degradataion  

Several model has been elucidated for the 

decomposition of wood to recover energy and derived 

fuels  

 Di Blasi [8, 9] and Gronli [10] have reviewed 

the the decompostion of single particles. Also the 

various authors reported the decomposition rate of 

wood  (Larfelt [11], Larfelt et al. [12], Gronili et al. 

[13], Janes et al. [14], Di Blasi [15], Lerfelt et al. [16], 

Di Blasi [17], Bryden et al. [18], Hagge et al. [19], 

Bellais et al. [20], Bryden et al. [21],  Babu et al. [22]). 

Models coupling transport equations for the formation 

of derived fuels could be implemented to evaluate the 

performance of gasification processes. The shrinking 

unreacted-core approximation simplifies these models 

considerably. Galgano and Di Blasi [23] have presented 

a unchanged shrinking core model for wood 

decompsoiton since the mass trasnfer plays a major role 

and un uniform temperature exists in the radial cross 

section of the wood pyrolysis.  

However these models have been validated 

experimentally for pre-dried fuels. Thus it avoids the 

influence of moisture. Once moisture is completely 

removed, it affests the other products formation like 

char, vapor formation.  (Simms et al. [24]) reported that 

the moisutre removal model which can predict ignitian 

time, quality of product gas etc. Moisutre content has 

the major influence of product gas, char formation etc 

(Gray et al. [25], Chan et al. [26], Di Blasi et al. [27]). 

Galgono and Di Blasi[28] have modified the unreacted 

shrinking core model taking into account the effect of 

moisture. Using 14 parameters taken from literature 

such as pre-exponential factor, activation energy, 

thermal conductivities of char and wood, emissivities of 
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char and wood, etc., they have verified the model 

satisfactorily for various moisture content and rates of 

heating.  

 Furetes and Marbon [29] analyzed the particle 

physcial characteristics on the overall gasificaiton 

kientics.  

 The physical and chemical changes occures in 

the solid particle during the decomposition. First the 

solid particle undergo fragmentation while 

decompositon strats and the finally its sternght 

diminishes and hence makes the particle into finest 

powdery substances. Modifications in particle size, 

density variations, surface area, and pore volumes can 

not be explained by considering the chemical process 

alone (Smith, [30], Young and Smith [31], Salatino, 

and Massimilla[32], Kawahata and Walker[33]). 

Particles are implicitly assumed to react until reaching 

the porosity one. During the heating the particle gets 

degradated and converted into fie powder. This will be 

the phenomen has been useful in designing fixed and 

fluidized bed gasifier  /combustor. 

  The size and shape of the particle, initial 

porosity, pore distribution, ash content, and its 

composition and moisture have a imapct on 

decomposition of biomass. Their contributions to the 

rate of gasification are to be evaluated first before 

attempting any modeling. The following sections 

describe the process.                    

3. Effect of Particle size and shape on gasificaiton  

The other impartant phenomen of the 

gasification is Particle size. Maa and Bailie [34] have 

studied the decomposition studies on the various 

particle size and concluded that  both heat transfer and 

chemical reaction control for lesser particle size, while 

particle above 6 cm heat transfer controls. Even though 

spherical particles do not exist in practice, many 

investigations have been reported due to its simplicity 

in analyzing the data. Wooden pallets or sticks are very 

commonly available biomass. Several investigators 

(Galgano and Di Blasi [28]) have analyzed the course 

of gasification in detail. Thermal conductivity plays a 

vital role in deciding the radial temperature profile. 

Since gasification is a thermal process, non-uniformity 

in temperature affects the degree of gasification 

considerably. 

Therefore the bigger the particle size greater 

would be the thermal gradiation which leads all three 

decomposition stages occuring simultaneously. This 

results in non-uniform gas composition with varying 

rates of reaction. The particle property evolves with the 

extent of reaction. The weight loss represents the sum 

of the individual losses due to three phases of 

gasification at a temperature averaged over the entire 

radius. The temperature increases from the outer radius 

to the center. Each stage of thermal degradation of 

biomass takes place whenever the appropriate 

temperature is reached. For example, around 1000C, 

drying releases water vapor creating more pores in the 

biomass. This change in particle property decreases the 

density and thermal conductivity. However, the product 

/ reacting gases can flow through there pores with the 

least resistance. This shifts the regime of reaction from 

internal diffusion control initially to chemical reaction 

control. If the pore gets widened, then wall strength 

gets reduced. The wall of pores collapses once a critical 

thickness is reached.  

The porosity corresponding to this thickness is 

called critical porosity. The onset of peripheral 

percolation commences at this stage. In the early stages 

of the reaction, the reaction is taking place at the 

external surface. Afterward, the shrinkage in particle  

exclusively to the peripheral percolation. The thermal 

degradation brings about changes in the particle 

property. Porosity and pore distribution change 

considerably, resulting in variation in thermal 

conductivity and surface area. If the micropores get 

widened and become mesa pore, the porosity increases 

with a decrease in surface area. Increased pore size 

reduces the internal diffusion resistances, and the 

regime of reaction is shifted to chemical control. The 

increase in porosity reduces the thermal properties. At 

this stage, the onset of outer peripheral percolation 

collapses the fragments, and the particle becomes 

devoid of the porous segments.   

Therefore the nature of the influence of particle 

size on thermal degradation is highly complex. It 

depends upon the initial porosity, pore distribution, 
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moisture, and ash. However, for powdery biomass, the 

temperature is uniform, and the thermal degradation is 

controlled by chemical reaction alone.  

4. Effect of initial porosity   

If the initial porosity were low with 

micropores, then the biomass has a very high surface 

area and thermal conductivity. The internal diffusion 

resistance and heat transfer rate would be high. The 

thermal degradation will be taking place only on the 

external surface. As the reaction progresses, the 

porosity increases due to the widening of pores, 

changing the pores to mesa pores. This reduces the 

surface area and hence the rate of reaction. The 

widening of pores reduces the wall thickness. The pore 

collapses once the porosity becomes critical. This shifts 

the reaction regime from diffusion resistance to 

chemical reaction control. The reaction is attributed 

exclusively to the peripheral percolation  

If the initial porosity were low with mesa pores, 

then the biomass has a low surface area and thermal 

conductivity. The internal diffusion resistance and the 

heat transfer rate would be low. The reactant gases 

diffuse throughout the particle easily.  However, non-

uniformity in temperature due to poor thermal 

conductivity is responsible for slowing down the 

reaction rate. Initially, the reaction is taking place on 

the external surface, widening the pores further. The 

particle size shrinks, reducing the internal diffusion 

resistance further. Therefore with low porosity and 

mesa pore particle, chemical reaction controls for a 

considerable amount of time.  

If the initial porosity were high with 

micropores, then surface area, thermal conductivity, 

and strength parameter would be the highest. The 

internal diffusion resistance would be controlling. The 

higher heat transfer rates due to high thermal 

conductivity reduce the radial temperature variations 

considerably. The overall rate of thermal degradation 

would always be high. The strength parameter 

decreases with the widening of pores, and peripheral 

percolation commences as discussed earlier. Even 

though the reaction occurs initially on the external 

surface, the peripheral percolation controls the reaction 

further.   

If the initial porosity were high with mesa pore, 

the surface area, thermal conductivity, and internal 

diffusion resistance would be the least. The chemical 

reaction is always controlling. With pore widening due 

to drying and devolatilization, the strength of the walls 

becomes reduced. Upon the onset of percolation, the 

wall collapses, and the particle shrinkage is due to the 

peripheral percolation. Even though the gases diffuse 

uniformly, the reaction rate and mechanism are varying 

radially due to non-uniformity in temperature.   

5. Effect of Ash   

The ash content and its composition in biomass 

play a vital role in retaining the shape and catalyzing it. 

Mineral content in ash has been found to influence the 

rate of gasification (Raveendran et al. [35]). The 

strength parameter of the biomass depends the content 

of inorganic compoents. The higher the ash more would 

be the strength and onset of percolation will not 

influence the reaction. The reaction will be taking place 

on particle surface. The size and shape of particle do 

not get altered. On the other hand, with low ash, the 

particle shrinking is due to peripheral percolation. As 

discussed earlier, the onset of percolation plays a key 

role in the progress of reaction due to the particle's low 

strength parameter. At higher temperatures, ash fuses, 

they were sealing off the reactants from further 

reacting.   

6. Effect of Moistutre    

Depending upon the moisture content, the 

generation of pores or widening of pores occurs at 

drying temperature. This increases the porosity and 

reduces the surface area and internal diffusion 

resistance. Further, the water vapor at high 

temperatures takes part in the gasification of char. 

7. Effect of External Mass Transfer Resistance   

External mass transfer resistance hardly affects 

the conversion, irrespective of the internal diffusion 

resistance. The evolution of the particle's overall 
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properties does not get alerted with the extent of 

external mass transfer resistance. This is exclusively 

attributed to the heat transfer since the reaction is a 

thermal process.  

8. Effect of Order of Reaction    

The onset of percolation influences the order of 

the reaction. Before the onset of percolation, the 

diffusion resistance controls the gas concentration 

within the pores; the reaction order becomes zero, 

independent of concentration. After the onset of 

percolation, the reaction depends upon the 

concentration and order varies between 1/3 to1.0. 

Change in order is due to the textural evolution of the 

properties.  

9. Effect of Thermal Diffusivity ()    

It is evident from the above discussion that the 

variations in initial porosity, pore distribution, ash 

content, and its composition and moisture influence the 

thermal degradation of biomass combinedly and make 

the process very complex. In a wooden stick or lumps, 

these properties have a pronounced effect on the 

temperature distribution. Temperature distribution 

decides the course of the reaction. Temperature 

distribution depends upon thermal conductivity (k), 

specific heat (Cp), and density (). All these are not 

constant and are changing with conversion. Therefore 

the variations with conversions should be understood 

first.  

Thermal conductivity (k) for nonmetals 

increases with temperature. (Bird et al. [36]). Powedery 

substances fuild in the pores plays major role where as 

crystalline substances molecular interaction is a 

important component.  

For porous solids where radiation between 

particles becomes an important part of total heat flow, 

the variations do not follow linear law. (Mc Cabe et al. 

[36]) 

Thermal conductivity (k) at room temperature 

for a considerable variety of wooden biomass may be 

accurately predicted from   

 𝑘 =  (0.1159 +  0.00233 M) +  0.01375           (1) 

where thermal conductivity (k) in B.t.u / hr ft 0F, 

density () in gm /cc  and the average moisture content 

(M) is in weight percent (Perry et al. [38] ).   

For M > 40%, 

𝑘 =  (0.1159 +  0.00316 M) +  0.01375          (2) 

Specific heat also increases with temperature in 

the similar way as thermal conductivity (k). Density () 

decreases marginally with temperature due to 

expansion of solid. 

Thermal conductivity (k), specific heat (Cp), 

and density () are related by a quantity thermal 

diffusivity () (Bird et al. [36]). 

𝛼 = 𝑘 ⁄ (𝜌𝑐𝑝 )                (3) 

Therefore thermal diffusivity () is 

independent of temperature for small temperature 

ranges. 

The thermal diffusivities are generally 

calculated from thermal conductivity (k), specific heat 

(Cp), and density () using Equation (3)                                                                                            

It would be better if thermal diffusivity () is 

determined using the same operating conditions for 

calculating conversion. Further thermal diffusivity () 

is influenced by method of heating. In actual gasifiers, 

there are different zones of varying temperatures. 

Wood, while moving from zone to zone, undergoes 

isothermal and non-isothermal heating during its 

journey to complete gasification. Under an isothermal 

heating source, the wood's exterior surface is exposed 

to the highest temperature, and as time progresses, 

temperature increases radially. In non-isothermal 

heating source, the temperature of wood increases 

gradually in radial direction. Depending upon the 

method of heating, the radial temperature profile varies 

resulting in different evolution of particle properties 

and conversion. Therefore thermal diffusivity () 

should be evaluated along with conversion. 

Because of the non-uniform temperature 

distribution along the radius, drying devolatilization 

and gasification of wood simultaneously yields 

different weight losses at different radial positions. 

However, only the overall weight loss is estimated. 

Therefore the weight loss should be taken as that had 

occurred at an average temperature (T ) prevailing at 
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that time.  Therefore determination of average 

temperature is crucial. 

Average temperatures (T ) at different time 

intervals are to be determined. Since thermal diffusivity 

() varies with average temperature (T ), it is possible 

to relate them using Fourier’s law as follows:[ 37] 

 
𝑇𝑠 − �̅�

𝑇𝑠 − 𝑇𝑎
= 0.692   e−5.78NFO                 (4) 

 

where, 

 

𝑁𝐹𝑂 = 𝛼𝑡
𝑟𝑚

2⁄                        (5) 

 

where, 

 = Thermal diffusivity, mm2 / minute 

t = time, minute and 

rm = mean radius, mm 

 The effect of isothermal or non-

isothermal heating on thermal diffusivity () at various 

times can be established for a given type of biomass. 

From the relationship thus established, thermal 

diffusivity () can be determined for any heating 

method at any time. The Fourier number (NFO) can be 

determined at that time using Equation (5) and the 

corresponding average temperatures (T ) from 

Equation (1). Thus average temperatures (T ) at various 

times can be determined. The weight fraction yet to be 

converted (w) at any time can be obtained 

experimentally. And the corresponding average 

temperatures (T ) can be determined from thermal 

diffusivity (). From weight fraction yet to be 

converted (w) versus time data, the rate (- rd) and rate 

constant (k) can be related. Using average temperatures 

(T ) and rate constant (k), the weight fraction yet to be 

converted of the wooden stick can be determined at any 

time.  

10. Conclusion  

In powdery and porous biomass, the thermal 

degradation occurs uniformly throughout the particle, 

and a continuous chemical reaction model can be 

applied. The thermal degradation of this kind is named 

auto gasification, wherein heat converts the 

combustible solid matter in the biomass in to vapor 

with the inherent oxygen and catalytic ash.   

 However, thermal degradation of wooden sticks 

is influenced by physical properties such as initial 

porosity, pore distribution, moisture, and ash content. 

The effect of these properties on conversion has been 

discussed in detail. The combined effect of these 

properties can be attributed to a single parameter, 

namely thermal diffusivity (). A procedure to evaluate 

this parameter has been proposed. Following the 

process outlined, it is possible to determine the weight 

loss of a wooden stick at any time under a given 

method of heating.  

 

Nomenclature  

k  - Thermal conductivity  

  - density  

M - Moisture content  

Cp  - Specific heat  

  - Thermal diffusivity  

T  - Average temperature 

t   - time 

rm  - Mean radius 
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